Introduction {#S1}
============

Host defense against respiratory pathogens is thought to be mediated by lung tissue-resident memory T (Trm) cells that occupy the parenchyma without recirculating ([@R32]). Because Trm cells occupy frontline mucosal sites of infection, they are anatomically positioned to respond immediately ([@R24]). Indeed, many different microbial pathogen challenge models have shown that Trm cells mediate protection in the lung and other organs ([@R2]; [@R11]; [@R12]; [@R18]; [@R22]; [@R29]; [@R30]; [@R31]; [@R33]; [@R36]; [@R45]). The expression of the phenotypic markers CD69, CXCR3, and CD103 ([@R11]; [@R20]; [@R24]) allow newly primed T cells to seed non-lymphoid tissue (NLT) during the effector phase and reside permanently in situ ([@R13]; [@R23]). Most of the work to date investigating Trm and their phenotypic markers pertain to CD8^+^ T cells ([@R2]; [@R11]; [@R12]; [@R18]; [@R22]; [@R29]; [@R30]; [@R31]; [@R33]; [@R36]; [@R45]).

Vaccination at the mucosa is often advocated as the ideal way to elicit T cell immunity to respiratory infections ([@R15]; [@R19]). Mucosal vaccination can induce long-lasting antigen-specific memory immune responses in both the systemic and mucosal compartments ([@R19]). The current licensed live attenuated vaccines for humans against rotavirus, poliovirus, *Salmonella* Typhi, and cholera are delivered orally, and against influenza virus (FluMist) it is applied intranasally ([@R21]). However, safety concerns persist with live attenuated vaccines and subunit vaccines are needed. When developing subunit mucosal vaccines, identifying protective lymphocyte antigens and adjuvants that drive a pro-inflammatory immune response are essential.

We recently described *Blastomyces* endoglucanase-2 (Bl-Eng2), a novel fungal ligand for dectin-2 that induces the production of IL-1β and IL-6 by dendritic cells and acts as an adjuvant to promote differentiation of CD4^+^ T cells into anti-fungal Th17 cells ([@R40]; [@R41]). In the current study, we discovered that Bl-Eng2 also harbors a CD4^+^ T cell epitope(s) that can be harnessed for subunit vaccination. Therefore, we sought to investigate whether mucosal immunization with Bl-Eng2 induces the development of antigen-specific Trm cells in the lung to protect mice against infection with inhaled fungi. We found that intranasal vaccination with Bl-Eng2 induced the generation of tetramer^+^, CD69^+^, CXCR3^+^, CD103^−^ Trm cells in lung tissue. However, in contrast to our expectations and predications, we found that mucosal vaccination and CD4^+^ Trm cells failed to protect against respiratory challenge with *B. dermatitidis*, whereas systemic vaccination did confer protection. Bl-Eng2-specific T cells from subcutaneously (SC) vaccinated mice migrated from the secondary lymphoid organs (SLO) and the lung vasculature to the parenchyma upon challenge and reduced lung CFU. Migration of protective T cells was correlated with increased expression of the chemokine receptors CXCR3 and CX3CR1 on tetramer^+^ cells within the lung vasculature and parenchyma. Thus, vaccine-induced protection against a lethal pulmonary fungal infection was not mediated by lung CD4^+^ Trm cells following mucosal immunization, but rather by a population of migratory CD4^+^ T cells after systemic vaccination.

Results {#S2}
=======

Identification of Bl-Eng2 as a protective antigen and generation of a tetramer to track and enumerate Ag-specific CD4^+^ T cells in vaccine immunity. {#S3}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We recently described Bl-Eng2 as a yeast ligand for dectin-2 ([@R41]). Bl-Eng2 is more potent than other reported dectin-2 ligands in stimulating accessory cells, and exerts adjuvant activity by eliciting IL-1β and IL-6 from dendritic cells ([@R41]), cytokines that are instrumental in driving differentiation of CD4^+^ T cells into Th17 cells ([@R47]). Our initial work reported that Bl-Eng2 served as an adjuvant, augmenting calnexin-induced vaccine immunity against experimental blastomycosis ([@R41]). Here, we asked if Bl-Eng2 could act as both an adjuvant and antigen. Bl-Eng2 formulated in incomplete Freund's adjuvant (IFA) and delivered subcutaneously in vaccinated mice (e.g. IFA acts as a depot to simply retain Bl-Eng2 in tissue) carried sufficient activity as an adjuvant and antigen to confer resistance against experimental blastomycosis. Bl-Eng2 in IFA reduced lung colony forming units (CFU) of yeast by \>3 logs, compared to controls that received IFA vehicle alone ([Fig. 1A](#F1){ref-type="fig"}). Thus, Bl-Eng2 is both an adjuvant and a protective antigen that significantly enhances resistance and prolongs survival (data not shown) against infection.

We sought to develop tools to resolve endogenous antigen-specific T cell immune responses after mucosal vaccination. We mapped the Bl-Eng2 peptide epitope recognized by CD4^+^ T cells and generated class II MHC tetramers using methods described ([@R26]; [@R46]). We first analyzed Bl-Eng2 for MHC class II binding sequences. Of 5 predicted peptides from Bl-Eng2, one 13-mer (AFFDGPDPSNAYV; peptide \#1) that begins at residue 35 significantly activated CD4^+^ T cells from splenocytes of mice vaccinated with Bl-Eng2 ([Fig. 1B](#F1){ref-type="fig"}+[C](#F1){ref-type="fig"}). Other peptides and stimuli (except for Bl-Eng2 protein) elicited little or no response.

Using this peptide, we created an MHC class II tetramer that revealed expansion and recruitment of primed Bl-Eng2 antigen-specific CD4^+^ T cells into the lungs of vaccinated mice ([Fig 1D](#F1){ref-type="fig"}). Four days after challenge, ≈10% of CD4^+^ T cells recruited to lung were tetramer^+^ CD44^+^. The tetramer was specific. Few CD8^*+*^ T cells bound tetramer.

Vaccination at the respiratory mucosa elicits strong T cell immunity but fails to protect against inhaled fungi. {#S4}
----------------------------------------------------------------------------------------------------------------

Vaccination at the mucosa is viewed as the ideal strategy to foster resistance against a mucosal pathogen. For example, a recent study found that intranasal (IN) Influenza vaccination induced resistance against experimental infection ([@R11]). We therefore formulated Bl-Eng2 in glucan-chitin particles (GCPs), which we have reported previously ([@R46]), and vaccinated mice IN three times, spaced two weeks apart; in parallel, Bl-Eng2 in GCPs was given SC ([Fig. 2A](#F2){ref-type="fig"}). IN vaccination efficiently elicited Bl-Eng2 specific CD4^+^ T cells in the lung and spleen ([Fig. 2B](#F2){ref-type="fig"}+[D](#F2){ref-type="fig"}). However, the number of tetramer^+^ cells was three fold higher in the lung and 8-fold higher in the spleen of SC vaccinated mice compared to IN vaccinated mice. After challenge, the number of tetramer^+^ cells recalled to the lungs was also two fold higher in SC vaccinated mice than in IN vaccinated mice ([Fig 2C](#F2){ref-type="fig"}). Nevertheless, \>10^5^ tetramer^+^ CD44^+^ CD4^+^ T cells were recruited to the lung parenchyma for both routes. In comparison, we previously reported \>100 tetramer^+^ CD4^+^ T cells recalled to the lung of mice successfully vaccinated against infection with calnexin and CFA ([@R46]); a number that is orders of magnitude lower than with Bl-Eng2.

Remarkably, we found no evidence of resistance to infection in mice vaccinated IN with Bl-Eng2, whereas mice vaccinated SC did acquire resistance ([Fig. 2E](#F2){ref-type="fig"}). We considered that the adjuvant GCP might be the source of the mucosal vaccine failure. Thus, we next vaccinated mice IN with another adjuvant, Adjuplex, which is a biodegradable carbomer homopolymer and submicron-sized liposomes \[nanoliposomes\] derived from purified soy lecithin. Adjuplex-based vaccination induced resistance against experimental infection with influenza ([@R11]). Bl-Eng2 in Adjuplex given IN was well tolerated and elicited strong immune responses upon vaccination revealing \> 10,000 tetramer^+^ cells in the lung before and after challenge ([SFig. 2A](#SD1){ref-type="supplementary-material"},[B](#SD1){ref-type="supplementary-material"},[C](#SD1){ref-type="supplementary-material"},[D](#SD1){ref-type="supplementary-material"}). Yet, Bl-Eng2 given IN with Adjuplex again failed to protect mice against infection, while Bl-Eng2 in complete freund's adjuvant (CFA) given SC did protect mice ([SFig. 2](#SD1){ref-type="supplementary-material"}**E**). Thus, we concluded that the route of vaccination and not the mucosal adjuvant likely accounts for the observed resistance phenotype. For our subsequent experiments, we used GCP as the vaccine adjuvant to provide consistency in vaccine formulation between the routes of vaccination.

Mucosal vaccination induces increased Treg and reduced IFN-γ responses by tetramer^+^ T cells. {#S5}
----------------------------------------------------------------------------------------------

Both IFN-γ and IL-17 CD4^+^ T cells confer anti-fungal vaccine immunity ([@R25]; [@R47]; [@R48]; [@R50]). We therefore analyzed transcription factor expression and the frequencies and numbers of cytokine-producing, Bl-Eng2-specific T cells in the lung at day 4 post-infection to see if there was a difference between IN and SC vaccinated mice. We found that SC vaccinated mice showed a trend towards increased T-bet expression, while IN vaccinated mice had significantly higher MFI for ROR-γt ([Fig. 3A](#F3){ref-type="fig"}). Likewise, the frequencies of IFN-γ^+^ tetramer^+^ T cells was increased in SC vaccinated mice, whereas the frequencies of IL-17 producing T cells was increased in IN vaccinated mice ([Fig. 3B](#F3){ref-type="fig"}). Consequently, the number of Th1 cells in the lung is increased in SC vaccinated mice, whereas the number of Th17 cells is comparable between the two vaccine groups ([Fig. 3C](#F3){ref-type="fig"}). The expression of GATA3 ([Fig. 3A](#F3){ref-type="fig"}) and the frequencies of IL-5/IL-13^+^ tetramer^+^ cells also was similar in the two groups ([Fig. 3B](#F3){ref-type="fig"}). However the number of Th2 cells was higher in SC vaccinated mice ([Fig. 3C](#F3){ref-type="fig"}), mainly because more tetramer^+^ T cells were found in the lung of SC vaccinated mice ([Fig. 2B](#F2){ref-type="fig"}). Similar proportions and numbers of Th1/Th17 cells in the lung and spleen were found in vaccinated mice before challenge ([SFig. 3](#SD1){ref-type="supplementary-material"}).

Both IFN-γ and IL-17 have been linked to vaccine resistance ([@R25]; [@R47]; [@R48]; [@R50]). We therefore sought to functionally test the role of these two cytokines and neutralized them in SC vaccinated mice during the expression phase (after infection). Neutralization of IFN-γ or IL-17 alone or together resulted in elevated fungal burdens compared to rat IgG treated controls ([Fig. 3D](#F3){ref-type="fig"}). These data indicate that both cytokines contribute to Bl-Eng2-induced immunity in SC vaccinated mice.

To investigate why Th17 cells fail to mediate vaccine protection in IN vaccinated mice, we enumerated the proportion and number of regulatory T (Treg) cells by staining tetramer^+^ cells for the transcription factor Foxp3. The frequency and numbers of foxp3^+^ tetramer^+^ cells was significantly higher in IN vaccinated mice ([Fig. 3B](#F3){ref-type="fig"}+[C](#F3){ref-type="fig"}). Interestingly, Treg cells outnumbered Th1 cells in IN vaccinated mice ([Fig. 3C](#F3){ref-type="fig"}). Thus, it is possible that T reg cells suppress protective Th17 cells in IN vaccinated mice.

IN vaccination induces CD69^+^ Trm cells, whereas SC vaccination elicits CXCR3^+^ and CX3CR1^+^ lung tetramer^+^ T cells. {#S6}
-------------------------------------------------------------------------------------------------------------------------

In a model of *Mycobacterium tuberculosis* infection ([@R30]), the authors used the phenotypic markers CD69, CD103, CXCR3, CX3CR1, and KLRG1 to distinguish protective parenchymal Th1 cells from non-protective, vascular CD4^+^ T cells. In their experimental model, the phenotype of lung vascular cells was CD69^−^, CXCR3^−^, CX3CR1^+^, and KLRG-1^+^, whereas that of parenchymal cells was CD69^+^, CXCR3^+^, CX3CR1^−^, KLRG-1^−^. We assessed expression of the Trm markers CXCR3, CD69, CD103 ([@R24]; [@R34]; [@R37]; [@R44]), the vascular marker CX3CR1, and the terminal differentiation marker KLRG1 ([@R28]). We phenotypically analyzed tetramer^+^ T cells in the lung parenchyma and vasculature before and after challenge. We found significant differences in CD69, CXCR3, CX3CR1 and KLRG1 expression by tetramer^+^ T cells from IN vaccinated mice compared to SC vaccinated mice ([Fig. 4A](#F4){ref-type="fig"}+[B](#F4){ref-type="fig"}). In the lung parenchyma, CD69 expression was increased whereas CXCR3 expression was decreased in the IN vaccinated compared to SC vaccinated mice. Interestingly, CXCR3 expression was lost in the cytokine producing T cells after challenge ([SFig. 4A](#SD1){ref-type="supplementary-material"}+[B](#SD1){ref-type="supplementary-material"}). In the vasculature, the expression of CX3CR1 and dual expression of CX3CR1 KLRG1 was increased in SC vaccinated mice compared to IN vaccinated mice ([Fig. 4A](#F4){ref-type="fig"}+[B](#F4){ref-type="fig"}). We did not detect significant expression of CD103 by lung tetramer^+^ cells in either compartment or route of vaccination ([Fig. 4A](#F4){ref-type="fig"}+[B](#F4){ref-type="fig"}).

Hierarchical gating used in flow cytometry is limited by simultaneous viewing of two parameters. This restriction increases the opportunity for user biases in the gating analysis. To take an impartial approach to our traditional phenotypic analysis, we used the t-distributed stochastic neighbor embedding (tSNE) algorithm to evaluate marker expression on tetramer^+^ T cells. The tSNE algorithm visualizes complex data obtained from cell staining with multiple markers by clustering cells with similar expression patterns. The ability to visualize several markers in one plot provides a holistic view of a whole cell population inaccessible by classical flow analysis. The two routes of vaccination lead to different clustering patterns for CD69, CXCR3 and CX3CR1 among the tetramer^+^ cells (note circled populations in [Fig. 4C](#F4){ref-type="fig"}+[D](#F4){ref-type="fig"}). Before challenge, IN vaccinated mice had more tetramer^+^ T cells with high levels of CD69 than did SC vaccinated mice. After challenge, however, the two vaccine groups were similar in this CD69 phenotype. On the other hand, SC vaccinated mice had more tetramer^+^ cells with high levels of CXCR3 within the lung parenchyma and vasculature both before and after challenge, when compared to IN vaccinated mice (note circled populations in [Fig. 4C](#F4){ref-type="fig"}+[D](#F4){ref-type="fig"} & [SFig. 4C](#SD1){ref-type="supplementary-material"}+[D](#SD1){ref-type="supplementary-material"}). SC vaccinated mice also had more tetramer^+^ cells expressing CX3CR1 and KLRG1 within the lung vasculature both before and after challenge, whereas these populations were absent in the IN vaccinated mice ([SFig. 4C](#SD1){ref-type="supplementary-material"}+[D](#SD1){ref-type="supplementary-material"}).

In summary, delivery of Bl-Eng2 by the respiratory route elicited CD69^+^ Trm cells, whereas SC vaccination induced the generation of tetramer^+^ T cells that expressed the chemokine receptors CXCR3 and CX3CR1 and the terminal differentiation marker KLRG1. These chemokine receptors may facilitate migration of primed T cells from the pulmonary vasculature and SLO to the lung parenchyma.

Migration of systemic tetramer^+^ T cells from the SLO to the lung is delayed and reduced in IN vaccinated mice. {#S7}
----------------------------------------------------------------------------------------------------------------

Since the total number of tetramer^+^ T cells ([Fig. 2](#F2){ref-type="fig"}) in the lung vasculature is higher in SC vaccinated mice than in IN vaccinated mice, we sought to assess whether the vasculature is the final destination of recalled, tetramer^+^ CD4^+^ T cells or a transient location on their route of migration to the lung tissue. To answer this question, we studied the kinetics of T cell location before and after challenge. We analyzed mice vaccinated by each route for the frequency and number of tetramer^+^ cells in different anatomical locations of the lung before infection and at serial time points post-infection. 24h prior to harvest of lung T cells, mice were given an initial anti-CD45 fluorescent mAb i.v. to mark T cells that were accessible in the blood stream and lung blood vasculature ([Fig. 5A](#F5){ref-type="fig"}). In this maneuver, T cells in the lung parenchyma are protected against i.v. staining. A second CD45 mAb conjugated to a different fluorochrome was injected i.v. 5 min before mice were sacrificed.

Before challenge, over 70% of tetramer^+^ cells resided in the lung parenchyma in SC vaccinated mice ([Fig. 5B](#F5){ref-type="fig"}) and 18% of tetramer^+^ cells were marked in the vasculature (day 0). Upon challenge, at day 1 post-infection, new tetramer^+^ cells migrated into the lung vasculature (17%) and cells previously in the vasculature migrated into the lung tissue (35%). By days 2 and 3 post-infection, the frequency of tetramer^+^ cells entering the lung tissue from the vasculature in SC vaccinated mice (54-- 66%) was significantly higher than that in IN vaccinated mice. At day 4 post-infection, migration through the blood vasculature and lung tissue diminished and most of the tetramer^+^ cells in the lung resided in the tissue. Migration of tetramer^+^ T cells into the lung tissue of IN vaccinated mice was delayed (by one day) and reduced during peak migration (days 2 and 3), compared to SC vaccinated mice, as assessed by the frequency and number of cells in the vasculature and freshly migrated into the tissue ([Fig. 5B](#F5){ref-type="fig"}+[C](#F5){ref-type="fig"} and [SFig. 5A](#SD1){ref-type="supplementary-material"}). Thus, tetramer^+^ cells elicited by the SC vaccine migrate from the pulmonary vasculature into the lung parenchyma upon fungal infection. The vasculature is thus either a depot or transient location for migrating Ag-specific T cells. The influx of migratory T cells into the lung parenchyma coincided with a reduction in lung CFU in SC vaccinated mice, but not IN vaccinated mice ([Fig. 5D](#F5){ref-type="fig"}). The number and frequency of CXCR3^+^ and CX3CR1^+^ tetramer^+^ T cells was greater among the migratory and vascular T cells for SC vaccinated mice than IN vaccinated mice, suggesting these two chemokine receptors may promote their migration ([Fig. 5E](#F5){ref-type="fig"} and [SFig. 5B](#SD1){ref-type="supplementary-material"}).

CXCR3 and CX3CR1 are dispensable for T cell migration and vaccine induced resistance. {#S8}
-------------------------------------------------------------------------------------

To investigate whether CXCR3 and CX3CR1 are functionally required for T cell migration from the SLO to the lung upon challenge we SC vaccinated CXCR3^−/−^, CX3CR1^−/−^ mice and wild-type controls with GCP-Bl-Eng2. We confirmed the loss of chemokine receptor expression by surface staining in the corresponding KO mice ([SFig. 6](#SD1){ref-type="supplementary-material"}). At day 4 post-infection, the number of tetramer^+^ cells that migrated to the lung, proliferated and produced Th1, Th17 and Th2 cytokines was comparable among the CXCR3^−/−^, CX3CR1^−/−^ mice and wild-type controls ([Fig. 6A](#F6){ref-type="fig"}+[B](#F6){ref-type="fig"} and [SFig. 6](#SD1){ref-type="supplementary-material"}). Lung CFU was likewise comparable across the three groups ([Fig 6C](#F6){ref-type="fig"}). These data indicate that CXCR3 and CX3CR1 are dispensable for T cell migration and Bl-Eng2 induced immunity.

After recall, proliferation of lung T cells is increased in IN vaccinated mice. {#S9}
-------------------------------------------------------------------------------

Despite increased migration of tetramer^+^ cells from the vasculature and SLO into the lung parenchyma for SC vaccinated mice compared to IN vaccinated mice, the number of tetramer^+^ cells in the lung tissue was similar between the two routes of vaccination at days 4 post-infection ([Fig. 5B](#F5){ref-type="fig"}). We hypothesized that tetramer^+^ cells might proliferate more after challenge in IN vaccinated mice than SC vaccinated mice. To test this hypothesis, we BrdU-labeled proliferating tetramer^+^ T cells between the day of challenge and day 4 post-infection. Indeed, tetramer^+^ and cytokine-producing T cells in the lung parenchyma elicited during the recall response proliferated more in the IN vaccinated mice than in the SC vaccinated mice ([Fig. 7](#F7){ref-type="fig"}). Nevertheless, despite the compensatory proliferation of Trm cells, the IN vaccinated mice were not protected against fungal infection ([Fig. 2E](#F2){ref-type="fig"}).

Migratory T cells are required and sufficient to mediate vaccine-induced protection. {#S10}
------------------------------------------------------------------------------------

To investigate whether migratory cells are required and sufficient to confer Bl-Eng2 vaccine-induced immunity, we employed three complementary approaches. First, we systemically depleted CD4^+^ T cells in SC vaccinated mice by i.v. injection of anti-CD4 mAb before fungal challenge. Consistent with the route of injection, we observed a \>90% decrease in the number and frequency of CD44^+^ CD4^+^ T cells in the circulating blood, brachial lymph nodes, spleen and lung ([SFig. 8A](#SD1){ref-type="supplementary-material"}+[B](#SD1){ref-type="supplementary-material"}). Systemic depletion of CD4^+^ T cells also resulted in fewer tetramer^+^ T cells in the lung after fungal challenge ([SFig. 8C](#SD1){ref-type="supplementary-material"}) and significantly increased fungal burden at day 6 post-infection ([Fig. 8A](#F8){ref-type="fig"}), as compared to rat IgG control-treated mice. On the other hand, intratracheal delivery of anti-CD4 mAb before challenge, which depleted CD4^+^ T cells in the lung (but not systemically) ([SFig. 8A](#SD1){ref-type="supplementary-material"}+[B](#SD1){ref-type="supplementary-material"}), did not reduce the number of lung tetramer^+^ T cells after fungal challenge ([SFig. 8C](#SD1){ref-type="supplementary-material"}), nor did it increase the lung CFU significantly at day 6 post-infection ([Fig. 8A](#F8){ref-type="fig"}). These data suggest that systemic T cells in the pulmonary vasculature and SLO, but not the lung Trm cells, are required to mediate protection in SC vaccinated mice.

In a second approach, to assess the role of T cells that migrate into the lungs, we treated SC vaccinated mice before and after challenge with FTY720 (fingolimod). FTY720 inhibits the sphingosine-1-phosphate receptor pathway, thereby impairing the trafficking of lymphocytes from lymph nodes and spleen to tissues ([@R43]). FTY720 treatment reduced the number of circulating CD4^+^ CD44^+^ T cells in the blood ([SFig. 8D](#SD1){ref-type="supplementary-material"}) and significantly increased lung CFU at day 6 post-infection ([Fig. 8B](#F8){ref-type="fig"}). These data support our hypothesis that migratory T cells mediate vaccine immunity.

Finally, in a third approach, we harvested migratory CD4^+^ T cells from the spleen and resident T cells from the lung of SC vaccinated mice and adoptively transferred each of these populations separately into naïve TCR-α knockout mice before challenge ([Fig. 8C](#F8){ref-type="fig"}). Transfer of migratory T cells, but not Trm cells, reduced lung CFU significantly at day 6 post-infection, as compared to mice that received no transfer of CD4^+^ T cells ([Fig. 8D](#F8){ref-type="fig"}). Taken together, our data suggest that migratory T cells, but not the lung resident T cells, e.g. the Trm, are required and sufficient to mediate Bl-Eng2 induced vaccine immunity.

Discussion {#S11}
==========

The prevailing view - based largely on work with CD8^+^ T cells - is that Trm cells are responsible for long-term vaccine memory ([@R32]; [@R42]). Moreover, there has been long-standing interest in developing mucosal vaccines, which preferentially prime Trm, against a variety of microbial pathogens ([@R11]; [@R15]; [@R19]). Our findings reveal that, contrary to current assumptions, vaccine protection against inhaled fungi (i) is elicited better in the skin than at the respiratory mucosa; (ii) resides in memory cells that are not Trm or resident in the lung, but rather migrate to the lung upon recall from the vasculature and lymphoid tissue; and (iii) follows distinct rules that are not predicted by Trm cell surface markers.

The rules for Trm have been developed mainly from data generated with CD8^+^ T cells ([@R2]; [@R11]; [@R12]; [@R18]; [@R22]; [@R29]; [@R30]; [@R31]; [@R33]; [@R36]; [@R45]). There is less consensus for CD4^+^ Trm cells mainly because there have been fewer studies. However, there is evidence for the importance of CD4^+^ Trm in the lung and nasal mucosa, where they may be critical for protecting against various microbes ([@R1]; [@R3]; [@R16]; [@R27]; [@R35]; [@R38]; [@R39]; [@R43]) or promoting allergic asthma ([@R38]; [@R39]). CD4^+^ Trm cells can promote the clearance of *B. pertussis* ([@R1]; [@R43]), serve as an important first line of defense against viral infections ([@R16]) and mediate protection against pneumococcal pneumonia ([@R35]).

Many Trm stably express CD69, but CD69 expression may not be sufficient to infer residence ([@R4]). CD4^+^ Trm are anchored in the lung tissue. In mice, their persistence is mediated by specific adhesion molecules that prevent recirculation and allow migration in the tissue. The expression of CD103 help Trm dock to E-cadherin in epithelia ([@R6]; [@R7]). CD103^+^ Trm also express other integrins and adhesion molecules such as VLA-1 and the chemokine receptors CXCR6, CXCR3 and CCR5, which are associated with T cell recruitment to inflamed tissues ([@R27]).

The inability of Trm to mediate vaccine-induced resistance after being primed at the lung mucosa in our model is unexpected and contrasts to a body of literature that demonstrates that Trm are the key defense against mucosal pathogens ([@R2]; [@R11]; [@R12]; [@R18]; [@R22]; [@R29]; [@R30]; [@R31]; [@R33]; [@R36]; [@R45]). In a murine model of primary *M. tuberculosis* infection, lung parenchymal and vascular Ag-specific CD4^+^ T cells were functionally and phenotypically distinct subsets ([@R29]). Parenchyma-localized T cells expressed the activation markers CD69, PD-1 and the chemokine receptor CXCR3, and were associated with resistance to infection, whereas T cells in the blood vessels that expressed CX3CR1^+^, KLRG1^hi^, and high levels of T-bet and IFN-γ were not protective ([@R29]). Thus, the phenotypic characterization in that setting of primary pulmonary infection indicated that parenchymal T cells associated with resistance were Trm, whereas non-protective vascular T cells were highly differentiated, terminal effector cells that lacked the ability to enter the lung parenchyma. Intranasal vaccination against *Influenza* also induced a protective population of CXCR3^+^ CD69^+^CD103^+^ Trm, whereas SC vaccination failed to elicit this Trm population and did not protect against infection ([@R11]).

In contrast to the studies above, we found that IN vaccination with Bl-Eng2 induced classic Trm markers (CD69^+^, CXCR3^low^, CX3CR1^−^, KLRG1^−^) in lung parenchymal cells that were non-protective, whereas SC vaccination induced a population of protective T cells that rapidly migrated from the vasculature and SLO to the lung upon challenge and appeared phenotypically distinct. In the parenchyma, tetramer^+^ cells from SC vaccinated mice upregulated CD69 after challenge and were CXCR3^high^, CX3CR1^−^, KLRG1^−^, whereas in the vasculature the majority of the migratory T cells were CD69^−^, and a proportion of them were CXCR3^+^, CX3CR1^+^ and KLRG1^+^. Thus, chemokine receptors that are needed to seed Trm into the lung tissue may also promote the recruitment of migratory T cells from the vasculature, SLO and other sites to the lung upon challenge. Hence, there could be functional overlap of chemokine receptors at different stages of the immune response. SC vaccination of CXCR3^−/−^, CX3CR1^−/−^ mice did not reveal a deficit in T cell migration of primed T cells from the SLO to the lung upon challenge, indicating that these chemokine receptors are dispensable. However, we cannot rule out the possibility that CXCR3 and CX3CR1 and other chemokine receptors each have a cumulative effect on T cell migration to the lung. During TB infection, Th1 cell migration into the lung was shown to be mediated by coexpression of multiple chemokine receptors, each with a relatively small contribution ([@R14]). In that study, individual chemokine receptor contributions could not be revealed at a single time point using gene KO mice. Competitive adoptive transfer approaches were required to reveal a partial, non-redundant role of individual chemokine receptors for T cell entry into the lung.

In our study, Trm cells either produced IL-17 or expressed foxp3 indicating that the latter subset were regulatory T cells, whereas migratory T cells were predominantly Th1 cells. We have previously reported that both Th17 and Th1 cells contribute to vaccine-induced protection against fungi ([@R49]; [@R51]). Here, we show that migratory T cells from SC vaccinated mice mediate protection by producing IFN-γ and IL-17. Thus, it is unexpected that mucosal Trm producing IL-17 in IN vaccinated mice were non-protective. It is possible that regulatory Trm cells, which are typically not associated with host resistance to fungal infection, dampen the protective effects of Th17 cells ([@R8]; [@R10]). It has been shown, that zymosan (predominantly composed of β1,3 glucan) can induce anti-inflammatory effects on T cell differentiation and promote the generation of regulatory T cells ([@R5]; [@R9]). Thus, the capacity of intranasally delivered β-glucan to promote lung regulatory Trm may have contributed the failure to induce protection. Nevertheless, we also found that Bl-Eng2 administered IN in an alternative adjuvant, Adjuplex, likewise failed to induce protection.

Our results suggest that the vaccine route is critical for functional attributes of primed, protective T cells. Even though SC vaccinated mice harbored a population of antigen-specific CD4^+^ Trm cells in the lung before challenge, these primed T cells failed to mediate resistance, in contrast to migratory cells. In addition, IN vaccinated mice harbored a population of tetramer^+^ T cells in the draining lymph node and spleen that migrated in a delayed and reduced fashion to the lung upon challenge. Perhaps these cells arrived too late to curtail the growing infection, or were functionally different from migratory T cells elicited by SC vaccination. Our findings imply an important functional difference according to the anatomical compartment of accessory cells involved in antigen delivery, presentation, and priming of naïve T cells. We surmise that the population of antigen presenting cells, the inflammatory milieu and the location of priming are together instrumental in generating T cells endowed with the proper migratory and protective attributes. It is also possible that secondary expansion and cytokine production of primed T cells and cross talk between the lung-associated (mediastinal) lymph node and the lung following challenge are also distinct between IN and SC vaccinated mice. Ongoing investigations will distinguish between these possibilities.

Materials and Methods {#S12}
=====================

Mice, vaccination and fungal infection {#S13}
--------------------------------------

*C57BL/6* mice were obtained from Jackson Laboratory and bred at our facility. Mice were 7 to 8 weeks old at the time of initiation of these experiments. Mice were housed and cared for as per guidelines of the University of Wisconsin Animal Care Committee who approved all aspects of this work.

10 μg of Bl-Eng2 was loaded into GCPs and mice were vaccinated SC or IN three times, two weeks apart as described ([@R17]), unless otherwise indicated. In some experiments, mice were vaccinated twice either SC with 10 μg Bl-Eng2 formulated in CFA or IFA, or IN with 10 μg Bl-Eng2 in 10% Adjuplex (Empirion, LLC, Columbus OH), two weeks apart. Two weeks after the boost, mice were challenged intratracheally (i.t.) with 2 × 10^4^ wild-type virulent *B. dermatitidis* yeast (ATCC strain 26199) and analyzed for lung T cell responses at day 4 post-infection, and lung CFU at day 4 or approximately two weeks post-infection. Fungal burdens were measured from homogenized tissue by serial dilutions on brain heart infusion agar plates with penicillin and streptomycin.

Intravascular staining, T cell stimulation, and flow cytometry {#S14}
--------------------------------------------------------------

Mice were injected intravenously (i.v.) with 2 μg fluorochrome-labeled anti-CD45 Ab, and 5 min later lungs and secondary lymphoid organs (SLOs) were harvested. Lungs were dissociated in Miltenyi MACS tubes and digested with collagenase (1 mg/mL) and DNase (1 μg/mL) for 25 minutes at 37°C. Digested lungs were resuspended in 5 mL of 40% percoll; 3 mL of 66% percoll was underlaid (GE healthcare 17-0891-01). Samples were spun for 20 minutes at 2000 rpm at room temperature. Lymphocytes were then harvested from the buffy coat layer and resuspended in complete RPMI (10% FBS, 1% penicillin and streptomycin). For *ex vivo* T cell stimulations, cells were incubated at 37°C for 5 hrs with 5 μM Bl-Eng2 peptide \#1 and 1 μg anti-mouse CD28 (BD 553294); after 1 hour of incubation, BD GolgiStop™ (BD 554724) was added to samples. All FACs samples were stained with invitrogen's LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit and Fc Block for 10 minutes at room temperature. Cells were then stained for Bl-Eng2 tetramer for 1 hour at room temperature. Finally, cells were stained for surface antigens and, if indicated, intracellular targets for 20 minutes at 4°C. Transcription factor staining was performed on primed but unstimulated cells using the Foxp3 Transcription Factor Staining kit (ebioscience cat\# 00-5523-00). All panels included a dump channel to decrease background in CD4^+^ T cells (Dump: CD11b, CD11c, NK1.1, B220, CD8). 50 μL of AccuCheck Counting Beads (Invitrogen PCB100) was added to all samples to determine absolute cell counts. Samples were acquired on a LSR Fortessa at the University of Wisconsin Carbone Cancer Center Flow Lab.

For cell surface analysis the following antibody cocktail was used: CD45 i.v. A488 (30-F11 Biolegend cat\#103122), MHC class II tetramer-PE, CD8 PerCP-Cy5.5 (53--6.7 Biolegend cat\#100734), CX3CR1 PE-Cy7 (SA011F11 Biolegend cat\#149016), CXCR3 BV421 (CXCR3--173 BD cat\#562937), CD69 BV510 (H1.2F3 BD cat\#563030), CD44 BV650 (IM7 Biolegend cat\#103049), CD103 BV786 (M290 BD cat\#564322), CD11b APC (M1/70 Biolegend cat\#101212), CD11c APC (N418 Biolegend cat\#117310), NK1.1 APC (PK136 Biolegend cat\#108710), B220 APC (RA3--62B Biolegend cat\#103212), KLRG1 BUV395 (2F1 BD cat\#740279), CD4 BUV737 (RM4--5 BD cat\#565246). For intracellular staining the following antibodies were used: IFN-γ PE-Cy7 (XMG1.2 BD cat\#557649), IL-17A BUV395 (TC11--18H10 BD cat\# 565246), ROR- γ t BV421 (Q31--378 BD cat\#562894), T-bet A647 (4B10 Biolegend cat\#653810 & 04--46 BD cat\#561267 & Invitrogen 4B10 cat\# 50-5825-80), Foxp3 e450 (FJK-16S Invitrogen cat\#48-5773-82), GATA3 A647 (16E10A23 Biolegend cat\#653809 & TWAJ Invitrogen cat\#50-9966-42 & BD L50--823 cat\#560078) . For kinetic analysis described in [figure 5](#F5){ref-type="fig"}, additional antibodies used included: CD45 i.v. BV421 (30-F11 Biolegend cat\#103134) and CXCR3 BV650 (CXCR3--173 Biolegend cat\#126531).

For tSNE analysis, total Bl-Eng2 tetramer^+^ events from individual mice were electronically concatenated into a single file; fully compensated, cleaned data collected from one representative experiment of several performed was used to generate this file. This concatenated file was not downsampled before running tSNE analysis and contained all original tetramer^+^ events from each mouse (88,002 total events). TSNE settings were: iterations=1000, perplexity=30, eta=6161.

Tetramer Pulldown {#S15}
-----------------

Miltenyi LS columns on a quadroMACS magnet were used to enrich tetramer^+^ cells from SLOs. Spleen and draining lymph nodes were harvested from SC or IN vaccinated GCP+Bl-Eng2 mice, mashed through 40 μm filters, and then subjected to red blood cell lysis (ACK lysis buffer 2.5 minutes at RT). Samples were washed with 15 mL and resuspended in cold sorter buffer (PBS with 2% FBS) to a volume twice the size of the pellet. 2 μL of Fc block was added to each sample and incubated for 5 minutes before adding Bl-Eng2 tetramer at a concentration of 5--25 nM. The tetramer stain was done for 1 hr at room temperature in the dark. Samples were washed and keep on ice for the remainder of the protocol. 100 μL of Miltenyi anti-PE microbeads (Miltenyi 130-048-801) were added to each sample and incubated for 30 minutes on ice then washed and resuspended in 3 mL. LS columns were wet and samples were filtered through 40 μm filters into columns. Columns were washed with 3 mL cold sorter buffer three times before eluting bound fractions. Bound fractions were stained with invitrogen's LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit and surface markers. 50 μL of AccuCheck Counting Beads was added to each sample determine total number of tetramer^+^ cells.

Cytokine Neutralization {#S16}
-----------------------

Mice were vaccinated SC with Bl-Eng2 in CFA twice two weeks apart. On the day of challenge, before yeast was given, mice received 100 μg intravenously of cytokine neutralizing antibody or rat IgG. Antibodies were given every other day until the day of harvest. Lungs were harvested at day 7 post infection, homogenized, and plated for CFU analysis on BHI agar plates. Neutralizing antibodies were purchased from BioXcell: anti-mouse IFN-γ (XMG1.2 cat\#BP0055) and anti-mouse IL-17A (17F3 cat\#BP0173).

CD4 depletion {#S17}
-------------

Mice were vaccinated SC with Bl-Eng2 in CFA twice two weeks apart. 14 days after the last boost, mice received antibody treatment. To systemically deplete CD4+ T cells, mice received 100 μg of anti-CD4 mAb (Clone: GK1.5 Bio X Cell BE0003--1) or rat IgG as a control intravenously. To deplete lung Trm, mice received 20 μg of the same anti-CD4 antibody by intubation. Prior to challenge and 24 hours after antibody treatment, a cohort of mice (n=3 mice/group) was harvested to assess successful depletion of CD4^+^ T cells. Five minutes before euthanasia mice were given 2 μg fluorochrome-labeled anti-CD45 mAb as described above. Lungs, peripheral blood, spleens, and draining lymph nodes were harvested from all mice, processed, and stained to identify CD4^+^CD44^hi^ lymphocytes. To assess resistance, mice were challenged with 2 × 10^4^ *B. dermatitidis* yeast 24 hours after antibody treatment. Six days post-infection, lungs were harvested, collagenase digested, plated for lung CFU and stained with Bl-Eng2 tetramer and surface antibodies.

FTY720 inhibitor {#S18}
----------------

Mice were vaccinated SC with Bl-Eng2 in GCPs or CFA+Bl-Eng2. MSA in GCP and CFA alone served as unvaccinated controls. 14 days following the last boost mice were injected i.p. with 25 μg FTY720 inhibitor in PBS daily to prevent T cell egress from secondary lymphoid organs. Two days after the first FTY720 injection, mice were challenged with 2 × 10^4^ *B. dermatitidis* yeast. At day six post-infection, lung CFU and the number of CD4^+^CD44^hi^ lymphocytes in the peripheral blood were determined.

Adoptive transfer {#S19}
-----------------

C57BL6 wild-type mice were vaccinated SC with Bl-Eng2 in CFA twice two weeks apart. Two weeks after the boost, migratory T cells from the donor spleen and Trm from the lungs were harvested. CD4^+^ T cells from the spleens of naïve mice were harvested as a negative control. Lung were processed as described above and lymphocytes enriched by a percoll gradient. Leucocytes from individual lungs were pooled and transferred i.v. into TCR- α knockout mice on a 1--1 organ basis (10 lungs harvested → transferred into 10 recipients). Spleens were mashed through 40 μm filters and red blood cells lysed. Following lysis, splenocytes were enriched for CD4^+^ T cells using BD iMag™ anti-mouse CD4 magnetic particles (Clone: GK1.5, BD 551539). CD4^+^ enriched splenocytes were then pooled, resuspended in PBS, and transferred i.v. into TCR- α knockout mice on a 1--1 organ basis (10 spleens harvested → transferred into 10 recipients). Recipients received \~8×10^6^ lung cells or \~20×10^6^ CD4^+^ T cells from the spleen.

Statistics: {#S20}
-----------

All statistics for FACs samples were calculated in Prism (GraphPad). An unpaired two-tailed t test was used to calculate significance between vaccine groups or between untreated vs. treated groups in either absolute number or percentage of cells ([Figures 2](#F2){ref-type="fig"}--[7](#F7){ref-type="fig"}) . A one way ANOVA with Tukey's test for multiple comparisons was used to calculate significance within each organ of untreated and treated mice in the CD4 depletion experiment ([SFig 8A](#SD1){ref-type="supplementary-material"}). A Kruskal-Wallis test with Dunn's multiple comparisons was used for analysis of the CFU data. For comparisons of cell counts, data were log transformed before t-tests were conducted. A p value of \<0.05 was considered statistically significant.
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![Bl-Eng2 antigenicity, T cell epitope identification and tetramer validation.\
**(A)** Lung CFU in SC vaccinated and control mice day 11 post-infection. Data are representative of 3 independent experiments (n=5--10 mice/ group). \*p \< 0.05 vs. IFA control mice. Number indicates n-fold difference vs. IFA control group. **(B)** Synthetic peptides (9 amino acid \[aa\] core plus 2 flanking aa on either side) used for *ex vivo* stimulation of Bl-Eng2 primed T cells harvested from splenocytes of SC vaccinated mice. **(C)** IFN-γ production in cell culture supernatants measured by ELISA. \*p \< 0.05 vs. all other groups. **(D)** At day 4 post-infection, CD4^+^ (top row) and CD8^+^ (bottom row) T cells from the lung were labeled with tetramer. Numbers indicate the percentage of tetramer^+^ cells of parent gate.](nihms-1546011-f0001){#F1}

![Induction and protection by Bl-Eng2-specific T cells after vaccination at the respiratory mucosa or skin.\
**(A)** Mice received Bl-Eng2 in GCP either SC or IN three times, two weeks apart. CD4^+^ tetramer^+^ T cells were enumerated in the lung before **(B)** and after **(C)** challenge (day 4 post-infection). Anti-CD45 mAb was injected i.v. 5 minutes before euthanizing mice to stain lung vascular cells; plots in the second row show total tetramer^+^ cells distributed in the parenchyma and lung vasculature. Numbers in plots indicate either mean±SEM or percent of parent gate. Contour plots show combined data from five independent experiments (n=25--30 mice/group). **(D)** Cells from the spleen of unchallenged mice were pulled down with Bl-Eng2 tetramer and enumerated. Numbers in plots indicate mean±SEM (n=4 mice/group). \*p \< 0.05 for SC vs. IN vaccine groups. **(E)** Resistance to infection as determined by lung CFU. Mouse serum albumin (MSA) on GCPs served as a control (n=10 mice/group). CFU graph shows geometric mean with standard deviation. \*p \< 0.05 vs. control mice.](nihms-1546011-f0002){#F2}

![Polarization of antigen specific cells in the lung and skin.\
Mice received Bl-Eng2 in GCP either SC or IN three times, two weeks apart. **(A)** Two weeks following the last boost, mice were challenged and lungs were harvested at day 4 post infection and stained for transcription factors T-bet, ROR-γt, and GATA3. Histograms show expression of each transcription factor within the designated tetramer^+^ cell populations. Adjacent bar graphs show corresponding MFI values for individual mice. **(B)** Dot plots display cytokine producing or foxp3^+^ lung tetramer^+^ cells at day 4 post infection; cells in plots for IFN-γ, IL-17, and IL-5 & IL-13 were stimulated *ex vivo* with Bl-Eng2 peptide for 5 hrs; foxp3 staining was performed before stimulation on a separate lung aliquot. Numbers in plot represent percent of parent gate. **(C)** Absolute numbers of cytokine producing T helper and regulatory T (foxp3^+^) cells. Data are from one representative experiment of two performed (n=5 mice/group). \*p \< 0.05 for SC vs. IN vaccine groups. **(D)** Lung CFU of SC vaccinated mice treated with cytokine neutralizing antibody. Mice vaccinated SC with Bl-Eng2 in GCP were given 100 μg i.v. of rat IgG or neutralizing cytokine antibody on the day of challenge and every other day thereafter until harvest at day 7 post-infection. Data shown are a combination of two independent experiments (n=10 mice/group). \*p \< 0.05 for rat IgG vs. indicated treatment groups.](nihms-1546011-f0003){#F3}

![Phenotypic analysis of Bl-Eng 2 primed T cells.\
Mice were vaccinated with Bl-Eng2 in GCP either SC or IN. Two weeks after the last boost, lungs were harvested **(A)** prior to challenge and **(B)** at day 4 post-infection. Total lung tetramer^+^ T cells were separated into parenchymal and vasculature cells based on i.v. anti-CD45 mAb staining and were analyzed for the phenotypic markers CD69, CXCR3, CX3CR1, CD103 and KLRG1. Numbers in the dot plots and graphs below indicate percent of the parent gate, either tetramer^+^CD45 i.v.^−^ (parenchyma) or tetramer^+^CD45 i.v.^+^ (vasculature). Data are a combination of 3 independent experiments (n=15 mice/group). \*p \< 0.05 for SC vs. IN vaccine groups. **(C+D)** Heatmap tSNE plots for lung cells before **(C)** and after **(D)** challenge from one representative experiment of three performed (n=5 mice/group). In FlowJo, total tetramer^+^ cells from individual mice were concatenated into a single FSC file for SC and IN groups before and after challenge. tSNE parameters (iterations: 1,000; perplexity: 30) were computed for this concatenated file including the markers CD45 i.v., CD69, CXCR3, CD103, CX3CR1, and KLRG1. Heatmap tSNEs show individual vaccine and challenge groups plotted based on computed tSNE parameters 1 & 2; these parameters allow visualization of the six listed markers in two dimensional space by clustering cells with similar expression profiles together. The scale bar reflects the relative expression of the labeled marker; red and yellow indicate high expression compared to blue for low expression.](nihms-1546011-f0004){#F4}

![Migration of Bl-Eng2-specific T cells into the lungs after challenge is delayed and reduced in IN vaccinated mice.\
**(A)** Mice were vaccinated with Bl-Eng2 in GCP either SC or IN three times, two weeks apart. Two weeks after the last boost, mice were challenged with *B. dermatitidis* yeast. 24 h before the harvest, and at serial time points post-infection, an initial anti-CD45 mAb (BV412) was given to mice by i.v. injection. On the day of harvest five minutes before euthanizing mice, a second anti-CD45 mAb conjugated to a different fluorochrome (Alexa 488) was also given i.v. Tetramer^+^ cells that stained for the second and initial mAb were termed vascular; those that stained for the initial but not the second mAb were termed migratory; and those that did not stain for either mAb were termed tissue. **(B)** Dot plots show the frequencies of tetramer^+^ cells that stained for the second vs. initial anti-CD45 mAb. The line graph shows total number of tetramer^+^ T cells over time. **(C)** Graphs show frequencies of tetramer^+^ cells found in corresponding compartments on serial days post infection. **(D)** Lung CFU at serial days post infection. **(E)** Numbers of total (left), vascular (middle) and migratory (right) tetramer^+^ cells positive for CXCR3^+^ or CX3CR1^+^. Data are from one representative experiment of two independent ones performed (n=5 mice/group). \*p \< 0.05 vs. corresponding IN vaccine group.](nihms-1546011-f0005){#F5}

![Redundant roles of CXCR3 and CX3CR1 in SC vaccinated mice.\
C57BL6 (WT), CXCR3^−/−^, and CX3CR1^−/−^ mice were SC vaccinated with Bl-Eng2 in GCP or MSA in GCP three times, two weeks apart. Two weeks after the last boost mice were challenged and lungs were harvested at day 4 post infection **(A)** Dots plots show tetramer^+^ T cells, numbers on plot indicate percent of parent gate. Corresponding bar graphs display absolute number of tetramer^+^ cells for WT and KO strains. Anti-CD45 mAb was injected i.v. 5 minutes before euthanizing mice to stain lung vascular cells; plots in the second row show total tetramer^+^ cells distributed in the parenchyma and lung vasculature. **(B)** Cytokine production by tetramer^+^ cells after stimulation *ex vivo* with Bl-Eng2 peptide. Dot plots show frequency among total tetramer^+^ cells and bar graphs below display absolute numbers of cytokine-producing tetramer^+^ cells. **(C)** Lung CFU at day 4 post-infection (n=5 mice/group). \*p \< 0.05 for naïve vs. vaccinated groups.](nihms-1546011-f0006){#F6}

![Proliferation of tetramer^+^ T cells in IN and SC vaccinated mice after challenge.\
Mice were vaccinated with Bl-Eng2 in GCPs either SC or IN. Two weeks after the last boost, mice were harvested prior to challenge or at day 4 post-infection. 2 mg of BrdU was given by i.p. injection to all mice for three consecutive days before harvest. **(A)** Dot plots and graphs show the frequencies of tetramer^+^ **(A)** and cytokine^+^ **(B)** cells that are BrdU^+^ prior to challenge. **(C+D)** Dot plots and graphs illustrate analogous data at day 4 post-infection. Data are representative of two independent experiments (n=5 mice/group). \*p \< 0.05 for IN vs. SC vaccine groups.](nihms-1546011-f0007){#F7}

![Migratory T cells are necessary and sufficient to mediate vaccine protection.\
Mice were vaccinated SC with CFA+Bl-Eng2 **(A)** Prior to challenge, CD4^+^ T cells were depleted in the lung (by i.t. delivery of 20 μg anti-CD4 mAb) or systemically (by i.v. delivery of 100 μg anti-CD4 mAb). Lung CFU were determined at day 6 post-infection. Data shown are a combination of three independent experiments (n=25--30 mice/group). \*p \< 0.05 vs. indicated groups. **(B)** Mice were vaccinated SC with Bl-Eng2 in GCP or CFA+Bl-Eng2. Two days before challenge and daily thereafter, mice were given 25 μg of FTY720 inhibitor i.p.. Lung CFU were determined at day 6 post-infection. Data are a combination of two independent experiments (n=20 mice/group). \*p \< 0.05 vs. non-treated control group. **(C)** Schematic of adoptive transfer of CD4^+^ T cells from the lung (Trm) or spleen (migratory) of SC vaccinated wild-type mice into TCR-α knockout mice. **(D)** C57BL6 wild type mice were vaccinated SC twice with CFA+Bl-Eng2. Two weeks after the boost, migratory CD4^+^ T cells were isolated by positive selection using anti-CD4 magnetic beads and lung resident T cells by purified by Percoll gradient. Cells were adoptively transferred into naïve TCR-α knockout mice. As a negative control, CD4^+^ T cells from the spleen of naïve wild type mice were transferred. At day 11 post-infection, lung CFU were determined. Data are a combination of two independent experiments (n=8--20 mice/group). \*p \< 0.05 vs. no transfer control group.](nihms-1546011-f0008){#F8}
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